Abstract: A 25-year-old man, a field operator in a petroleum refinery was found unconscious. He was exposed to hydrogen sulfide and presented with Glasgow Coma Score of 5, severe hypoxemia on arterial blood gas analysis, normal chest radiography, and normal blood pressure. On hospital day 7, his mental state became clear, and neurologic examination showed quadriparesis, profound spasticity, increased tendon reflexes, abnormal Babinski response, and bradykinesia. He was also found to have decreased memory, attention deficits and blunted affect, which suggested general cognitive dysfunction, but which improved soon. MRI scan showed abnormal signals in both basal ganglia and motor cortex, compatible with clinical findings of motor dysfunction.
Hydrogen sulfide (H 2 S) is the second leading cause of toxinrelated death (after carbon monoxide) in the workplace 1) . Acute toxicity of H 2 S involves mainly the central nervous system and lungs. It may cause variable neurologic symptoms such as dizziness, headache, poor coordination and brief loss of consciousness after exposure to high concentrations of H 2 S. If exposure is transient, recovery is usually complete and rapid. However, in some instances, prolonged or severe exposure leads to a fatal outcome or permanent sequelae [2] [3] [4] .
There are a few reports of acute H 2 S exposure with permanent neurologic deficits 2, 4) . A case of acute H 2 S intoxication with neurologic sequelae is discussed.
A 25-year-old man had been a field operator in lubricating oil processing at a petroleum refinery for 9 months. He had never worked in other workplace, and had no medical history and family history of medical illness. He had been repairing a separator level gauge connected to H 2 S compressor in semiclosed spaces without wearing a respirator. When he opened the valve to drain its contents, he might have been exposed to gas leaking from the inter-stage separator chamber. He was found unconscious by another worker wearing a respirator who noticed an offensive odor after approximately 10 min or more. The patient was rescued by safety officials with selfcontained breathing apparatus, who closed the valve. Vapor analysis of the contents in the separator chamber revealed 14 volume % of H 2 S, 40 volume % of hydrogen gas, and 46 volume % of other carbon species. Industrial hygienist's evaluation revealed no risk of any other hazardous chemical. The patient was transferred to our hospital via local medical clinic approximately 1 h after being rescued. On arriving at the emergency department of our hospital, he presented with Glasgow Coma Score (GCS) of 5, pulse rate (PR) of 76/min, blood pressure (BP) of 150/110 mmHg, respiratory rate (RR) of 28/min and dilated pupils with sluggish response. Initial arterial blood gas study showed pH 7.37, PaO 2 46.7 mmHg, PaCO 2 38.4 mmHg, HCO 3 22 mmol/L. Carboxyhemoglobin (CoHb) was 0.1%. Chest radiography revealed no active lung lesions. Electrocardiogram and hemoglobin level were within normal range. He was treated with antidote therapy of 300 mg of sodium nitrate and 12.5 g of sodium thiosulfate immediately, and also was treated with hyperbaric oxygen therapy, and then with mechanical ventilation. Approximately 1 h after initial management, arterial blood gas on 100% oxygen was improved to pH of 7.33, PaO 2 of 246.2 mmHg, PaCO 2 of 46.0 mmHg, HCO 3 24 mmol/L. CoHb was 0.1%.
Two days after admission, he started to regain consciousness with GCS of 12 and respiration was stabilized on a mechanical ventilator. Ventilatory support was weaned on day 3. On day 7, his mental state became clear and he showed correct response to verbal commands. Neurologic examination showed dysarthric speech, quadriparesis with increased muscle tone and Babinski response on both feet. He was also found to have decreased memory, attention deficits and blunted affect, which suggested a general cognitive dysfunction. But this impaired cognitive dysfunction improved after several days. Brain magnetic resonance imaging (MRI) on day 9, showed contrast enhancement in both basal ganglia and the motor cortex in the T1-weighted image. There was also a finding of mild increased signals in the posterolateral aspect of the putamen on T2 weighted and fluid-attenuated inversion recovery (FLAIR) images (Fig. 1 ). EEG performed on day 14 showed a normal waking pattern. He then received rehabilitation therapy and was treated with antispastic and dopaminergic drugs to relieve spasticity on whole limbs and mild bradykinesia. About 1 month after exposure, follow-up brain MRI showed signal changes suggesting necrosis on nonenhanced T1-wighted images, and high signal intensities in both basal ganglia and motor cortex on FLAIR images (Fig.  2) . At that time his neurologic status had markedly improved compared to initial status. He could walk without assistance but could not run. Activities of daily living were nearly normal despite some clumsiness in activity requiring fine coordination. However, he showed slowed spastic gait,
Fig. 1. Initial MR images.
A and B: Fat-suppressed enhanced axial T1-weighted (TR/TE, 525/20 ms) images at the level of motor cortex and basal ganglia. Thick linear contrast enhancement is seen along the motor cortex, both sides. Strong contrast enhancement is seen in the posterolateral aspect of the putamen, both sides (arrows). C and D: Axial fluid-attenuated inversion recovery (TR/TE, 10000/160 ms) image at the level of motor cortex and basal ganglia. No remarkable signal change is seen in the motor cortex, both sides. A mildly increased signal is seen in the outer portion of putamen, both sides (arrows).
Fig. 2. Follow-up MR images obtained one month after H2S poisoning.
A and B: Non-enhanced axial T1-weighted (TR/TE, 525/20 ms) images at the level of motor cortex and basal ganglia. Increased signal intensity is seen along the motor cortex and the periphery of the lesion is seen in the putamen. The signal change suggests pseudolaminar necrosis in the motor cortex. The central portion of putamen shows low signal, which suggests necrosis (arrows). C and D: Axial fluid-attenuated inversion recovery (TR/TE, 10000/160 ms) image at the level of the motor cortex and basal ganglia. Increased signal intensity is seen in the motor cortex and basal ganglia. The extent of the lesion is similar to that, which was depicted on enhanced T1-weighted images (arrows). spasticity on whole limbs, impaired fine coordinated movement and mild bradykinesia on detailed neurologic examination. Bedside Mini-mental status examination did not reveal any cognitive dysfunction. Detailed neuropsychological test was performed at 1.5 months after the intoxication. General intelligence, memory, attention, motor function and emotion were tested with the Korean version of the Wechsler Adult Intelligence Scale (K-WAIS), House-Tree-Person Technique (HTP), Wechsler Memory Scale Revised (WMS-R), Wisconsin Card Sorting Test (WCST), color trail test and others. General intelligence was mildly decreased but was concordant with predicted level. It was prominent in performance intelligence as compared to verbal intelligence. Verbal and visual memory function was intact with good retention and recall. But attention was diminished especially in perseverative response. In executive function testing, he performed well except some difficulty in the test requiring sustained attention, which was concordant with marked perseverative errors. His emotional status was not blunted but showed an anxious and depressive tendency.
His neurologic status showed no definite change until 5 months after admission with rehabilitation therapy. Escalation of antispastic and dopaminergic drugs failed to show any effect.
H 2 S is a mitochondrial toxin that inhibits cytochrome oxidase (cytochrome aa 3 ), a terminal enzyme of the respiratory electron transport chain, more potently than cyanide and leads to histotoxic hypoxia. It also has direct cytotoxicity by disrupting disulfide bonds in macromolecules 5, 6) . A phenomenon referred to as "knockdown" has been reported in oil field workers and others to describe sudden, brief loss of consciousness associated with amnesia followed by immediate full recovery after short-term exposure to very high concentrations of
. Knockdown is likely a consequence of a direct toxic effect of H 2 S on the brain 8) . Most victims of acute H 2 S poisoning who recover do so promptly and completely 2, 9, 10) . In a relatively few cases, acute, nonfatal H 2 S intoxication is followed by permanent neurological sequelae. The preponderance of scientific evidence suggests that this sequence of events is a result of hypoxia secondary to respiratory insufficiency, rather than a direct toxic effect on the brain 2, 6, 11, 12) . Respiratory insufficiency following exposure to this gas can occur as a consequence of apnea resulting from H 2 S-induced paralysis of the respiratory center of the brain, or can be the result of less specific forms of interference with air flow or oxygen exchange such as airway obstruction or pulmonary edema. Neurological sequelae were divergent and include spasticity, ataxia, tremor, prolonged coma, convulsion, persistent vegetative state and pseudobulbar palsy in other reports [13] [14] [15] . Cognitive or behavioral abnormalities such as memory impairment (permanent retrograde amnesia), executive function deficits, slowing in central information processing, and planning deficits were also documented [14] [15] [16] [17] . Cognitive or behavioral deficits are seldom detected in routine screening neurologic examination and seem to be more common than motor deficits, which are easily detectable. Thus some papers suggested that the scanty reports of permanent sequelae are due to lack of detailed neuropsychologic testing and longterm follow-up 15) . Despite some reports of neurological sequelae caused by acute H 2 S poisoning, there have been few reports with detailed neuroimaging (Table 1 ). The MRI findings in the present study suggesting hypoxic brain damage are similar to those in functional neuroimaging studies, and were also compatible with pathologic findings after fatal H 2 S poisoning that showed greenish discoloration of cerebral cortices and basal ganglia 18) . Profound structural changes on Decreased metabolism in thalamus, basal ganglia, temporal and inferior parietal lobe PET Schneider et al., 1998 14) Decreased metabolism in putamen, amygdala/hippocampal region SPECT Abnormal signals in basal ganglia and motor cortex MRI The present study neuroradiologic images in our case suggest that the exposure might have been greater or more prolonged than usual. Our patient showed various motor symptoms such as quadriparesis, profound spasticity, increased tendon reflexes, abnormal Babinski response, and bradykinesia which suggest that the motor dysfunction resulted from lesions in the motor cortex and basal ganglia although extrapyramidal signs could have been masked by profound pyramidal signs. These clinical findings are compatible with neuroimaging findings in both frontal motor cortices and basal ganglia. These finding were somewhat different from those of other cases with prominent basal ganglial motor dysfunction 19, 20) . Dopamine levels may decline with aging although not typically to levels that compromise functioning. This patient's dopamine system was already damaged as shown in the clinical and radiological findings, thus his risk of subsequently developing Parkinson's disease may be elevated with aging 14) . Our case showed relatively minor defects in general cognitive functions including memory, planning, thought processing on detailed neuropsychologic testing except attention deficit. These findings suggest that neuronal damages were confined to the motor cortex and basal ganglia rather than diffuse. A lack of functional imaging study, which could have clarified these points, limits further inference in the present case. Serial neurological testing with functional imaging studies will be necessary in later follow-up.
Pathologically, anoxic injuries can be classified as; hypoxic hypoxia, from decreased partial pressure of blood oxygen, as in patients with hanging or drowning; histotoxic hypoxia, from tissue inability to utilize oxygen, as in cases of mitochondrial toxins like H 2 S and cyanide, anemic hypoxia, from decreased hemoglobin content or function, as in cases of severe anemia or carbon monoxide poisoning, and hypoxicischemic encephalopathy (HIE), typically seen after cardiac arrest 21, 22) . Pure hypoxic encephalopathy differs from HIE, since cerebral blood flow is preserved or even increased in the former, allowing an effective supply of nutrients and removal of toxic products such as lactic acid. Our patient likely suffered primarily a hypoxic insult (or possibly a combined form of hypoxic hypoxia and histotoxic hypoxia). The results of initial blood gas analysis suggest that hypoxia might be severe and prolonged, and he showed MRI findings similar to cortical laminar necrosis represented in hypoxic brain damage, whereas HIE is associated with extensive lesions throughout the cerebral cortex 23) . However, he had not hypotension in our hospital and local medical clinic giving the initial management. Cerebral cortices as well as basal ganglia are also known to be susceptible to hypoxic insult because of high oxygen dependency 23) . Thus it seems that H 2 S poisoning can cause profound basal ganglial and cortical lesions. Cyanide, which has the same histotoxic mechanism as H 2 S, was reported to cause similar MR changes in the basal ganglia and central cortex after intoxication 23) . In summary, our case of H 2 S intoxication showed neurologic sequelae of profound motor dysfunction and mild cognitive dysfunction. MRI scan showed abnormal signals in both basal ganglia and the motor cortex, compatible with clinical findings of motor dysfunction.
